The film growth of Mn 3 O 4 (001) films on Ag (001) 
I. INTRODUCTION
Building up on the seminal investigations of oxide films of NiO 1 and CoO 2 , manganese oxide (MnO) films have been grown and investigated on Pt(111) [3] [4] [5] [6] , Pd(001) [7] [8] [9] [10] , Ru(001) 11 , Rh(111) 12 , and Ag(001) [13] [14] [15] [16] [17] . A common feature of all these film systems is that the rock salt unit cells of these materials have only one sort of atomic sublayer in the (001)-plane. Here, we focus on Hausmannit (Mn 3 O 4 ) a spinel with a stack of 8 sublayers and a Jahn-Teller distortion of the unit cell in c direction. All its simple bulk terminations in the (001)-plane are polar, which makes it particularly interesting to study the layer-by-layer build up of LEED pattern with respect to the MnO(001) substrate. Such a 45
• rotation has also been observed for other film -substrate combinations ,e.g., LiF, KCl, and NaI on MgO(001) 20 and NaCl on Ag(001) 21 . According to the 'roles of lattice fitting in epitaxy' 20 , a 45
• rotated orientation has to be expected if the ratio a f ilm : a substrate of the lattice parameters is close 
II. EXPERIMENTAL
Experiments have been performed in three different ultra-high vacuum (UHV) systems.
The first is equipped with an STM, a spot profile analysis (SPA)-LEED optics, and a cylindrical mirror analyzer (CMA) for Auger electron spectroscopy (AES). The second system contains a conventional LEED optic and a low-temperature STM, operating at 100 K. The base pressures of both chambers are in the low 10 −10 mbar range. In addition, a third UHV chamber equipped with a LEED optics has been used for NEXAFS studies recorded at the beamline UE56-2 PGM-2 (energy range: 100-1000 eV) at the synchrotron radiation facility BESSY II 23 . Spectra were recorded in total electron yield mode. Normalization to the incident X-ray flux was achieved according to the photo current from the last refocusing mirror of the beamline. All presented LEED patterns have been recorded with the SPA-LEED optics.
The Ag(001) crystals (miscut < 0. NEXAFS spectra at the O K absorption edge are depicted in Fig. 2a . The spectra agree with published spectra of MnO films grown on Ag(001) 15 and are characteristic for MnO(001). They show only minor differences between normal (0 • ) and grazing light incidence (70 • off-normal). This indicates only minor deviations from a cubic bulk-like structure of MnO (Fig. 1 ). In the bulk structure, the octahedral coordination of the Mn ions by six O ions leads to an isotropic environment and no NEXAFS dependencies on angle of light incidence or polarization. In ultrathin films, however, MnO growths strained due to the lattice mismatch between Ag and MnO. For a thickness of 4 ML the film is not yet relaxed to the bulk structure, but exhibits a lateral compression and a corresponding vertical expansion 24 .
The resulting lowering of the symmetry from cubic to tetragonal might explain the small island is just one sublayer and that of the top p(2 × 2) island is two sublayers.
Interestingly, the p(2 × 1) islands prefer a rectangular shape with the long sides parallel to Mn (2 × 1) rows. On the contrary, the p(2 × 2) islands grow in a nearly quadratic shape. needs to be taken into account when determining heights from STM images 33 . Exactly as at low coverage, the p(2 × 1) islands prefer a rectangular shape with long edges running along the MnO (2 × 1) rows (compare to Fig. 3) . The same islands are also observed but rotated by 90
• , which is actually expected from the fourfold symmetry of the Ag (001) substrate. Where such islands meet, they form domain boundaries along [100] directions.
Contrary to the initial stages p(2 × 2) structures like the ones in Fig. 3 a have not been found for the 6 sublayer film. The surface termination of these p(2 × 2) structures is with
Mn ions only and theoretical investigations 19 have shown that for an Mn 3 O 4 film with a thickness >8 sublayers the energy of this termination is significantly higher than that of an Mn 2 O 4 termination with its p(2 × 1) structure. The LEED pattern shown in Fig. 4c gives informations about the integral structure of the prepared sample. One can recognize a p(2 × 1) superstructure with two domains that are rotated by 90
• . In agreement to the STM images, no spots of a p(2 × 2) superstructure have been found at any electron energy. The LEED pattern of the film of 12 sublayers has been found to be identical to the 6 sublayer one. The resulting atomic pattern is rotated by 45
• with respect to the p(2 × 1) structure and the island edges become non-polar (Fig. 6c) .
The regions S with the striped (4 × 1) superstructure in Fig. 5a are much smaller than the other ones. Therefore, they do not result in additional spots in the LEED pattern. On the other hand, the number of islands with a c(2 × 2) structure is large enough to lead to additional spots in the diffraction pattern as is seen in Fig. 6d p(2 × 2) superstructure as found for the initial stages (Fig. 3a) . The second one is a combination of p(2 × 1) and c(2 × 2) superstructures (see Fig. 6d ). Again, the p(2 × 2)
superstructure is excluded because of the substantially higher surface energy of the pure Mn termination 19 . Furthermore, the model with a mix of p(2 × 1) and c(2 × 2) superstructures is supported by the STM images. It is also supported by the fact that both the p(2 × 1) and c(2 × 2) superstructures correspond to a coverage of 0.5, which makes their coexistence and the transition from one to the other very easy, whereas a p(2 × 2) superstructure usually corresponds to a coverage of 0.25 or 0.75. Therefore, transitions between the p(2 × 1) and the p(2 × 2) superstructure would require considerable mass transport across the surface.
The coexistence of the p(2 × 1) and c(2 × 2) structures can nicely be seen in Fig. 5b . superstructure is still present (Fig. 7b) . Obviously, the energy difference between the p(2 × 1) and c(2 × 2) superstructures is small even at high coverages of Mn 3 O 4 . Therefore, the larger entropy favors the simultaneous presence of two superstructures. To understand the mechanisms that lead to the coexistence of p(2 × 1) and c(2 × 2) structures even at thick Mn 3 O 4 films, we are looking forward to some theoretical descriptions.
IV. CONCLUSIONS
The growth of ultrathin 
